The DNA-dependent protein kinase (DNA-PK) phosphorylates a number of transcription factors. Here, we show that the DNA-PK modifies c-Jun in vitro and that serine residue 249 (Ser-249) is required for phosphorylation to occur. This residue corresponds to one of three sites of c-Jun that are phosphorylated in vivo and which negatively regulate c-Jun DNA binding in vitro. However, we find that phosphorylation of cJun by the DNA-PK does not interfere with DNA binding, indicating that phosphorylation at other sites is required for this effect. Mutagenesis of the phosphorylated region of c-Jun reveals that the primary amino acid sequence recognised by the DNA-PK consists of the sequence Ser-GIn, and that adjacent acidic residues potentiate kinase activity. Furthermore, when this site is placed within the context of a second protein, it confers DNA-PK directed phosphorylation upon that protein. Our findings will facilitate identification of DNA-PK phosphorylation sites in other transcription factors.
INTRODUCTION
In recent years, it has become clear that phosphorylation plays a pivotal role in modulating the activity of sequence-specific transcription factors (1, 2) . It is therefore of great importance to identify and characterise the kinases that bring about these events. One kinase that appears to be ideally placed to modulate transcription factor activity is the DNA-dependent protein kinase (DNA-PK) that has been shown to phosphorylate a wide variety of transcription factors in vitro. These include Spl, CTF/NF-1, Oct-1, Oct-2, c-Myc, SRF, p53, and the chicken progesterone receptor (3) (4) (5) (6) (7) (8) (9) . The DNA-PK is a relatively abundant nuclear serine/threonine kinase that displays the interesting property of being itself a DNA-binding protein (4, 6, 9, 10) . Indeed, the DNA-PK does not become active until it has bound to DNA.
Furthermore, for Sp 1, we have shown that the kinase has a strong preference for DNA-bound substrate, due to the fact that efficient phosphorylation only takes place when the kinase and Spl are bound in cis on the same DNA molecule (4, 11) .
To date, the functional consequences of DNA-PK-mediated transcription factor phosphorylation are not known. However, studies have revealed that phosphorylation has no measurable effect on the DNA binding properties of Spl, suggesting that its function is to regulate the transcriptional activation potential of this factor (4; T.Gottlieb and S.Jackson, unpublished data). Thus, DNA-dependent phosphorylation of Spl might be an effective mechanism for generating an active transcription factor only when and where it is needed. Consistent with this possibility, preliminary mapping studies have indicated that the sites of Spi phosphorylation lie outside of the DNA binding domain but within the N-terminal portion of the protein that contains the transcriptional activation domains (4) .
One obvious approach to elucidate the function of DNA-PKmediated phosphorylation will be to define sites of phosphorylation on transcription factors and determine whether mutation of these sites affects factor activity. For Spl, this has proved extremely difficult because multiple, and heterogeneous phosphorylation appears to occur in more than one region of the protein (S.Jackson, unpublished data). A mapping/mutational approach would clearly be much easier if a transcription factor with a more simple DNA-PK phosphorylation pattern was identified. Analysis of known DNA-PK substrates suggests that one such factor is the product of the c-jun proto-oncogene, since it is phosphorylated by the DNA-PK less strongly than other factors that are believed to be multiply phosphorylated (9) . c-Jun is phosphorylated in vivo in two regions. One of these lies towards the N-terminus of the protein. Here, phosphorylation of two serine residues by MAP kinases occurs in response to mitogenic signals and results in potentiation of the transcriptional activation properties of c-Jun (12) (13) (14) . The other phosphorylated region of c-Jun lies just upstream from the C-terminal bZIP domain that specifies dimerisation and DNA-binding. Here, phosphorylation by casein kinase II (CKII), and/or glycogen synthase kinase 3 (GSK3), interferes with the DNA-binding potential of c-Jun and appears to occur on three residues; Ser-243, Ser-249, and Thr-239 or Thr-231 (15, 16) .
In this report, we describe a GST-protein fusion strategy that can be used to defme sites of protein phosphorylation by the DNA-PK and, potentially, by other kinases. Using this approach, * To whom correspondence should be addressed we show that the DNA-PK specifically phosphorylates the Cterminal region of c-Jun. Furthermore, by point-mutagenesis, we define the DNA-PK recognition site to be centred around Ser-249. This is one of a cluster of three phosphorylated residues that, together, negatively regulate the DNA-binding potential of c-Jun in vivo. We therefore investigated the effect of DNA-PK mediated phosphorylation on c-Jun DNA binding. In addition, by mutagenesis of the residues surrounding the site of phosphorylation, we define a minimal primary amino acid sequence motif that serves as a DNA-PK recognition signal, and which directs phosphorylation by the DNA-PK when introduced into another protein. These 
MATERIALS AND METHODS

Bacterial expression vectors
Fusion of test proteins to the GST protein coding region were generated using the pGEX vector system described by Smith and Johnson (17 (22) . Single-stranded oligonucleotides describing the desired changes were synthesised and used in a mutagenesis protocol described by Kunkel (23 (17) , and has been described previously (27) . Before purified away from GST (27) , except for the GST-GAL4 fusions, which were not cleaved.
In vitro kinase assays In vitro kinase assays were performed in a 30 ,ul reaction which contained the following; 10 1tg HeLa nuclear extract (28) 
RESULTS
A DNA-dependent kinase phosphorylates c-Jun
It has been reported that the c-Jun oncoprotein is a substrate for the DNA-PK (9). We set out to establish which region(s) of cJun is phosphorylated by this kinase. To address this question, we expressed in bacteria the biologically important regions of the human c-Jun protein for use in in vitro kinase reactions. We chose the pGEX GST-fusion expression system (17) because it allows the large-scale production of highly purified, soluble fusion proteins.
Two regions of c-Jun were expressed, which together encompass the majority of the c-Jun protein ( Figure lA ). The first region consists of amino acid residues 1 to 193 and corresponds to the Al activation domain (29) . Deletion and mutagenesis of c-Jun has identified two motifs within the Al activation domain (HOB1 and HOB2; Figure 1A ) which are essential for transcriptional activation (30) . Moreover, HOBI contains MAP kinase phosphorylation sites that are important for transcriptional activation (13, 14) . The second region of cJun that we expressed, Jun-Core (amino acid residues 239 to 322), contains the A2 activation domain and the bZIP region that specifies DNA binding and dimerisation (29) . The two c-Jun derivatives were then tested for an ability to be phosphorylated by kinases present in a crude HeLa cell nuclear extract. To do this, and to ascertain whether any phosphorylation might be due to the DNA-PK, Jun 1-193 and Jun-Core were incubated with nuclear extract and ['y32P]ATP either in the presence or absence of DNA. Samples were then analysed by SDS -PAGE followed by autoradiography ( Figure 1B ). These studies revealed that Jun-Core is strongly phosphorylated only in the presence of DNA (compare lanes 3 and 4). By contrast, Jun 1-193 is not detectably phosphorylated either in the absence or presence of DNA (compare lanes 1 and 2). As a control, the bZIP region of the c-Fos protein (which contains homology to the c-Jun bZIP region) was also analysed. This protein did not display DNA-dependent phosphorylation (lanes 5 Figure 1C ). The recombinant protein was phosphorylated extremely inefficiently as compared to the c-Jun bZLP region (the exposure time in Figure 1C is over 20-fold longer than in Figure  iB) Both reactions were performed in the presence of DNA and then subjected to SDS-PAGE with subsequent autoradiography.
Previous studies have identified sites of phosphorylation by the DNA-PK in hsp9O and SV40 large T antigen (9, 31, 32) . Comparison of the sequences surrounding these phosphorylation sites suggests that the DNA-PK recognises serine or threonine residues that are flanked on their C-terminal side by a glutamine residue. Interestingly, examination of the amino acid sequence of Jun-Core identified a single site, Ser-249, that conformed to this consensus (ESQE motif in Figure 3A ). To determine whether this site might correspond to the site of phosphorylation by the DNA-PK, we mutated Ser-249 to an alanine residue to generate Jun-Cores.A ( Figure 3A ). This mutant protein was then expressed and compared as a DNA-PK substrate with wild-type Jun-Core protein ( Figure 3B ). This revealed that, in marked contrast to Jun-Core, the Jun-Cores-A protein is an inefficient target for the purified DNA-PK (compare lanes 1 and 2) . The Jun-Cores-A protein also failed to display DNA-dependent phosphorylation when assayed in nuclear extracts (data not shown). These results indicate that Ser-249 forms part of the DNA-PK recognition sequence.
Determination of a minimal DNA-PK recognition site Next, we determined which residues flanking Ser-249 in the JunCore protein are required to direct phosphorylation by the DNA-PK. To do this, single mutations (to alanine) were introduced into Jun-Core at the following positions: Glu-248, Gln-250 and Glu-251. The resulting proteins were then expressed and tested for an ability to serve as DNA-PK substrates ( Figure 4) . The most severe effect was obtained with the Gln-250 mutation, which dramatically impaired DNA-PK-mediated phosphorylation relative to the wild-type Jun-Core protein (compare Q2m-oA and WT). Less severe was the Glu-251 mutation (E251 -A) which caused a lesser reduction in the amount of phosphorylation by the DNA-PK. In contrast, the Glu-248 mutation (E248-A) Fgure 4. Characterisation of the DNA-PK recognition motif. Bacterially-expressed Jun-Core and Jun-Core mutants (mutated to alanine at the positions indicated) were used in a kinase assay with purified DNA-PK. All reactions were performed in the presence of DNA and then subjected to SDS-PAGE. The positions of the proteins were determined by autoradiography, the bands excised from the gel, and 32p incorporation determined by liquid scintillation counting.
had only a very small effect on phosphorylation. Since the core Ser-Gln sequence is flanked on both sides by acidic residues it seemed possible that there may be some degeneracy in that one Glu residue may be sufficient to maintain recognition by the DNA-PK. To test this, we made a mutant in which both Glu residues were mutated to Ala. Strikingly, this mutant was severely deficient as a substrate for the DNA-PK (Figure 4 , compare E248, E251 -A to WT). Taken together, these results demonstrate that the optimal DNA-PK recognition motif in cJun is the sequence Glu-Ser-Gln-Glu.
The results described above strongly suggested to us that JunCore is phosphorylated by the DNA-PK on Ser-249. At this stage, however, it remained a possibility that, although this residue formed an essential part of the DNA-PK recognition motif, phosphorylation might actually be occurring elsewhere. If Glu-Ser-Gln-Glu did indeed correspond to the minimal DNA-PK phosphorylation site, we reasoned that this region of c-Jun might serve as a phosphorylation site when placed in the context of another protein. Since we had shown previously that the bZIP region of the Fos protein is not phosphorylated by the DNA-PK (Figure 2, lanes 5 and 6) , we introduced into it the GluSer-Gln-Glu motif of c-Jun that contains Ser-249 (Fos-Core-ESQE; Figure 5A ). Strikingly, when the Fos-Core-ESQE protein was incubated with purified DNA-PK, it was found to be strongly phosphorylated ( Figure 5B ). Taken together with the fact that this region is required for DNA-PK directed phosphorylation of c-Jun and, since Ser-249 of c-Jun was initially identified because it contains homology to sites of DNA-PK phosphorylation in other proteins, these data strongly suggest that the DNA-PK phosphorylates c-Jun at Ser-249. a plasmid. Both the parent and recombinant plasmid were then used as cofactors for the DNA-PK in in vitro kinase assays ( Figure 6A ). By comparing lanes 2 and 3, it is clear that the presence of the FSE elements in the plasmid DNA dramatically increases the level of c-Jun phosphorylation. (The low level activation by the parent plasmid alone may be due to cryptic weak Jun-binding sites in this DNA). From these results, we conclude that DNA-bound Jun-Core protein is the preferred substrate for the DNA-PK.
Previous studies have implicated Ser-249 in regulating the DNA binding potential of full-length c-Jun and Jun-Core proteins (15, 16) . The conclusion from these studies was that DNA binding by c-Jun is severely inhibited when this protein is phosphorylated at Ser-243, Ser-249, and either Thr-239 or Thr-231. However, for practical reasons, these workers were unable to assess the individual contributions of the three phosphorylation sites towards the inhibition of c-Jun DNA binding. Our results strongly suggest that the DNA-PK specifically phosphorylates Ser-249 of c-Jun, and therefore we asked whether this phosphorylation could inhibit c-Jun binding. In the DNA binding assay shown in Figure 6B , Jun Bacterially-synthesised Jun-Core was used in a kinase assay with purified DNA-PK. The kinase reactions were performed in the absence or presence of linearised DNA as indicated. Plasmid pLSO.CAT has been described previously (26) . Plasmid pLSO.CAT;2FSE is pLSO.CAT containing two copies of the Fat-Specific Element to which c-Jun binds (24, 25) . Following incubation, the reactions were subjected to SDS -PAGE with subsequent autoradiography. B. Phosphorylation of Jun-Core by the DNA-PK does not inhibit DNA binding. Bacterially-synthesised Jun-Core was mixed with kinase buffer containing 200 ng of linear DNA. Reactions were incubated in the presence or absence of the DNA-PK and/or ATP. After incubation a 32P-labelled doublestranded oligonucleotide containing an FSE site was added and the reactions incubated further. Samples were then subjected to an electrophoretic mobility shift assay as described previously (24) . The specific Jun/DNA complex (SC) and a non-specific complex (NSC) are indicated. Kinase reactions were perfomed such that the DNA-PK phosphorylated over 50% of the Jun-Core protein as judged by a kinase-induced mobility-shift of phosphorylated Jun-Core as observed by SDS-PAGE and Coommassie Blue staining.
DISCUSSION
In this report, we have shown that a DNA-dependent kinase in HeLa nuclear extracts phosphorylates human c-Jun in the vicinity of its DNA binding and dimerization domain. A highly-purified preparation of the DNA-PK derived from HeLa cells (6, 10, 11) , and free of other kinase activities, also phosphorylates c-Jun in a DNA-dependent manner. Since previous fractionation studies have indicated that only a single DNA-activated kinase exists in HeLa cells, we are led to the conclusion that it is the DNA-PK that phosphorylates the c-Jun bZIP region in crude cell extracts. Through primary amino acid sequence analysis we have identified an evolutionary conserved serine residue (16) . As with GSK3, phosphorylation by CKII also inhibits c-Jun DNA binding in vitro and it is thought that this is a mechanism by which the cell can maintain c-Jun in an inactive state until it is activated by dephosphorylation. We have shown that the DNA-PK phosphorylates c-Jun more efficiently when both proteins are bound to DNA. For c-Jun to be accessible to the DNA-PK, therefore, it must be dephosphorylated at Thr-231 and Ser-249. Thus, it seems unlikely that the DNA-PK and CKII will compete for phosphorylation of Ser-249 in vivo. Instead, we speculate that the DNA-PK and CKII both phosphorylate Ser-249 in vivo, but do so when c-Jun is present in different subcellular locations.
The site we have defined as the recognition site for the DNA-PK in human c-Jun is conserved in c-Jun proteins of other species and is also present in murine JunD (15) . This suggests that this site plays an important role in regulating c-Jun activity. Interestingly, previous studies have shown that site-specific dephosphorylation in the C-terminal region of c-Jun in response to mitogenic stimuli converts the protein from a form that cannot bind DNA to a form that can (15, 16 (34, 35, 36) . In light of this, it is perhaps worthwhile noting that we have demonstrated recently that the DNA-PK requires DNA breaks in order to become activated efficiently in vitro, suggesting that it might be involved in mediating a response to DNA damage (11) .
In this report, we have used site-directed mutagenesis to establish the sequence requirements for DNA-PK mediated phosphorylation. We demonstrate that the main determinant for a DNA-PK recognition site is the sequence Ser-Gln. Recently, in vitro peptide phosphorylation assays have suggested that basic residues close to potential DNA-PK sites can inhibit the activity of the enzyme (9) . However, in c-Jun, Ser-249 lies immediately N-terminal to the basic DNA binding region but it is still an excellent substrate for the DNA-PK. In this regard, it is intriguing to note that both Glu-248 and Glu-25 1 of c-Jun are required for optimal phosphorylation efficiency by the DNA-PK. Perhaps the acidic nature of these residues overcomes the negative effects of the adjacent basic region. Interestingly, we have noted that many known and potential DNA-PK recognition sites in other factors are also flanked by acidic residues. Although we have identified a recognition sequence for the DNA-PK, this does not necessarily mean that the kinase is unable to recognise other types of sequence. Indeed, it has been shown recently that the carboxyterminal domain (CTD) of the largest subunit of RNA polymerase II lacks Ser/Thr-Gln motifs and yet can be phosphorylated by DNA-PK in vitro (37) .
A number of other transcription factors are known substrates for the DNA-PK, including Spi, Oct-1, Oct-2, c-Myc, SRF, cFos, p53 and the chicken progesterone receptor (3) (4) (5) (6) (7) (8) (9) . Our results now make it relatively straightforward to predict where phosphorylation might be occurring in these proteins. Indeed, each of these proteins contains one or more Ser -Gln motifs.
In addition, our findings should help identify other DNA-PK substrates. For example, we have noted that many other transcription factors contain Ser -Gln sequences, including E2F, BZLF1, MyoD, TFE3 and Oct-4 (38) (39) (40) (41) (42) . Although we predict that many of these sites are DNA-PK phosphorylation sites, we do not expect all Ser -Gln motifs to serve as DNA-PK recognition elements. For instance, since the DNA-PK appears to be restricted to DNA-bound substrates, non-DNA-binding proteins that bear Ser -Gln motifs are unlikely to be recognised by the DNA-PK in vivo. Furthermore, as discussed above, basic residues in close proximity to Ser -Gln sequences may sometimes render these sites inaccessible to the DNA-PK. In addition, protein structure, post-translational modification, or interaction with other proteins may affect site recognition. Indeed, such mechanisms might actually be employed by the cell in some cases to regulate the accessibility of sites to the DNA-PK.
